The large amount of boron-bearing iron tailings in China is a resource for metals that needs to be more completely and efficiently utilized. In this evaluation, the ammonium sulfate roasting process was used to make a controllable phase transformation to facilitate the subsequent extraction of valuable metals from boron-bearing iron tailings. The effects of roasting temperature, roasting time, the molar ratio of ammonium sulfate to tailings, and the particle size on the extraction of elements were investigated. The orthogonal experimental design of experiments was used to determine the optimal processing conditions. XRD (X-Ray Diffractomer), scanning electron microscope (SEM), and simultaneous DSC?TG analyzer were used to assist in elucidating the mechanism of ammonium sulfate roasting. The experimental results showed that nearly all Fe, Al, and Mg were extracted under the following conditions: (1) the molar ratio of ammonium sulfate to iron tailings was 3:1; (2) the roasting temperature was 450 °C; (3) the roasting time was 120 min.; and, (4) the particle size was less than 80 ?m. The kinetics analysis indicated that the sulfation of metals was controlled by internal diffusion, with the apparent activation energies Abstract: The large amount of boron-bearing iron tailings in China is a resource for metals that needs to be more completely and efficiently utilized. In this evaluation, the ammonium sulfate roasting process was used to make a controllable phase transformation to facilitate the subsequent extraction of valuable metals from boron-bearing iron tailings. The effects of roasting temperature, roasting time, the molar ratio of ammonium sulfate to tailings, and the particle size on the extraction of elements were investigated. The orthogonal experimental design of experiments was used to determine the optimal processing conditions. XRD (X-Ray Diffractomer), scanning electron microscope (SEM), and simultaneous DSC-TG analyzer were used to assist in elucidating the mechanism of ammonium sulfate roasting. The experimental results showed that nearly all Fe, Al, and Mg were extracted under the following conditions: (1) the molar ratio of ammonium sulfate to iron tailings was 3:1; (2) the roasting temperature was 450 • C; (3) the roasting time was 120 min.; and, (4) the particle size was less than 80 µm. The kinetics analysis indicated that the sulfation of metals was controlled by internal diffusion, with the apparent activation energies of 17.10 kJ·mol −1 , 17.85 kJ·mol −1 , 19.79 kJ·mol −1 , and 29.71 kJ·mol −1 for Fe, Al, Mg, and B, respectively.
Introduction
Boron resources are abundant, but they are unevenly distributed around the world [1] . For example, Turkey, the United States, Russia, and China were the countries with the largest proved boron reserves, and collectively these countries account for about 90% of the world's total Boron reserves. China's boron reserves are the fourth largest in the world [2] [3] [4] .
There are large amounts of reserves of boron resources in China, which account for 18% of the world's boron resources [4] [5] [6] . The known boron reserves are mainly distributed in northeast Liaoning, Jilin, Qinghai, and Tibet [6] . Among them, 56% of the national boron reserves are in the Liaoning province. Although the boron reserves in our country are extensive, the boron grade of the ore is very low, and the ore is mineralogically complex with a significant occurrence of economically significant metals. The complex nature of the ore requires extensive mineral processing to effectively recover the boron and the desirable metals [7, 8] . Figure 1 shows the X-ray diffraction patterns of the boron-bearing tailings. As presented in Figure 1 , the main phases in the tailings were lizardite (Mg 3 Si 2 O 5 (OH) 4 
Product Analysis
In the final leach liquor, the concentration of Fe was measured by an ultraviolet-visible photometer (Beijing PUXI, SF2-7520, Beijing China). The concentration of Mg was determined while using an EDTA complexation titration method (Mg and Ca complexation method, the error was less than 0.2%). The concentration of Mg was determined while using an EDTA titration method (the error was less than 0.2%). The roasting products and residues were identified using a D/max RB Xray diffraction instrument (Rigaku Corporation, D/max-RB, Tokyo, Japan) with Cu-Kα radiation ranging from 5~80° and a scanning speed of 10°/min. The analysis of the morphology of the roasted products was conducted while using a Scanning Electron Microscope (Shimadzu, SSX-550, Tokyo, Japan).
Thermogravimetric-differential scanning calorimeter (TG-DSC) analysis of the boron-bearing iron tailings was determined using a differential scanning calorimetry-thermal Gravity (NETZSCH STA449F3A-1001-M, Selb, German) instrument operated in a flowing Ar (purity > 99.999%) atmosphere, with a heating rate of 10 °C/min. from room temperature to 800 °C.
Methods and Procedures
The boron-bearing iron tailings were grounded into fine powder in ball mill equipment (BS2308, TENCAN POWDER, China). Subsequently, the ore powder and a certain amount of ammonium sulfate were blended and put it into a ceramic crucible. The crucible was placed in a resistance furnace (b) (a) It can be seen that the ore particles have rough surfaces, loose structures, and irregular shapes. 
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Results and Discussion

Roasting Process
The roasting products were leached at 90 °C for 30 min.
Effect of the Molar Ratio of Ammonium Sulfate to Ore
The effect of the molar ratio of ammonium sulfate to ore on the extractions of magnesium, aluminum, iron, and boron were investigated at the roasting temperature of 450 °C, the roasting time of 120 min., and the ore particles size of less than 80 μm. Figure 4 presents the results.
It is shown in Figure 4 that the extractions rate of iron, aluminum, magnesium, and boron increase with the ammonium-to-ore molar ratio, and reach their maximum at 3:1. 
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Effect of Roasting Temperature
The influence of the roasting temperature from 250 • C to 500 • C on the extractions of iron, aluminum, magnesium, and boron was studied under the condition of the molar ratio of ammonium sulfate to tailings of 3:1, roasting time of 120 min., and the ore particles size of less than 80 µm.
As seen in Figure 5 , there are significant improvements in the extraction of iron, aluminum, and magnesium when the roasting temperature is increased from 250 • C to 450 • C, and the extraction reaches the maximum values for each of the metals at 450 • C. The extraction of boron firstly increases and then decreases with the enhanced roasting temperature, and reaches the maximum at 400 • C. The increase of the extractions of iron, aluminum, and magnesium results from the increasing reaction activity of ammonium sulfate with increased temperature. However, the decrease in the extraction of boron can be attributed to the volatilization of boron oxide at high temperature. Thus, the roasting temperature of 450 • C was applied in the following experiments. The roasting mechanism will be discussed in detail in the following section. 
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Effect of Roasting Time
The effect of roasting time from 20 min. to 160 min. on the extraction of iron, aluminum, and magnesium was studied under the conditions of the molar ratio of ammonium sulfate to tailings of 3:1, the roasting temperature of 450 °C, and the ore particles size of less than 80 μm. 
The effect of roasting time from 20 min. to 160 min. on the extraction of iron, aluminum, and magnesium was studied under the conditions of the molar ratio of ammonium sulfate to tailings of 3:1, the roasting temperature of 450 • C, and the ore particles size of less than 80 µm.
As can be seen from Figure 6 , the extraction of iron, aluminum, and magnesium rapidly increased from 20 min. to 120 min. The maximum extraction was reached at 120 min., indicating that the sulfating process of iron, aluminum, and magnesium are close to completion at 120 min. While the extraction of boron firstly increases but then decreases with the prolonging of roasting time, resulting from the increasing of the volatilization of boron oxide. Therefore, the roasting time of 120 min. was applied in subsequent experiments.
As can be seen from Figure 6 , the extraction of iron, aluminum, and magnesium rapidly increased from 20 min. to 120 min. The maximum extraction was reached at 120 min., indicating that the sulfating process of iron, aluminum, and magnesium are close to completion at 120 min. While the extraction of boron firstly increases but then decreases with the prolonging of roasting time, resulting from the increasing of the volatilization of boron oxide. Therefore, the roasting time of 120 min. was applied in subsequent experiments. 
Effect of the Particle Size the Tailings
The effect of the particle size from 40 μm to 120 μm on the extractions of iron, aluminum, magnesium, and boron was studied under the condition of ammonium-to-ore mole ratio of 3:1, roasting temperature of 450 °C, and roasting time of 120 min.
The results (as seen in Figure 7) show that all metal extractions are increasing with declining particle size. All elements extractions reach the maximum at the particle size of less than 80 μm. The extractions were not improved with the reduced size. 
Orthogonal Design of Experiments
An orthogonal experiment of L9 (3 4 ) was designed based on the single factor experiment in order to obtain the optimal reaction conditions of the roasting process. The factors of roasting temperature 
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The effect of the particle size from 40 µm to 120 µm on the extractions of iron, aluminum, magnesium, and boron was studied under the condition of ammonium-to-ore mole ratio of 3:1, roasting temperature of 450 • C, and roasting time of 120 min.
The results (as seen in Figure 7) show that all metal extractions are increasing with declining particle size. All elements extractions reach the maximum at the particle size of less than 80 µm. The extractions were not improved with the reduced size.
Orthogonal Design of Experiments
An orthogonal experiment of L9 (3 4 ) was designed based on the single factor experiment in order to obtain the optimal reaction conditions of the roasting process. The factors of roasting temperature Figure 7 . The effect of the particle size on the extraction of metals.
An orthogonal experiment of L 9 (3 4 ) was designed based on the single factor experiment in order to obtain the optimal reaction conditions of the roasting process. The factors of roasting temperature (A), the molar ratio of the ammonium sulfate to boron-bearing iron tailings (B), the roasting time (C), and particle size of tailings (D), the selected factors and levels are listed in Table 2 . Table 3 shows the orthogonal experimental results. Table 3 , the orthogonal experimental results show the effect of the four factors on the extraction of metals, as follows: the molar ratio of ammonium sulfate to tailings, the roasting time, the roasting temperature, and the particle size of the tailings. Figure 8 shows the trend of the range. It can be seen that the optimum conditions of the roasting process are the roasting temperature of 450 • C, the roasting time of 120 min., the molar ratio of ammonium sulfate to tailings of 3:1, and the particle size of the tailings of less than 80 µm. According to the optimized process conditions, the experimental verification shows that the extractions of Fe and Al all exceed 98%, while the extraction of Mg and B all exceed 80%. 
Roasting Mechanism and Kinetics
3.2.1. The Roasting Mechanism Figure 9 shows the DSC-TG curves of the ammonium sulfate ( Figure 9a ) and the mixture of ammonium sulfate and tailings with a molar ratio of 1:3 (Figure 9b ) from room temperature to 800 °C at a heating rate of 10 °C/min. As seen in Figure 8a , there are two obvious endothermic peaks at approximately 289 °C and 393 °C, which corresponded to the decomposition of (NH4)2SO4 (Equation (1)) and the decomposition of NH4HSO4 (Equation (2)), respectively, while there are two stages of mass loss corresponding to the two stages decomposition [30] . It can be seen from Figure 9b that there are two endothermic peaks at approximately 318 °C and 439 °C on the DSC curve, corresponding two large weight losses that were observed from the TG curve at two different temperature ranges of 240-359 °C and 359-448 °C. The first endothermic peak can be attributed to the sulfation reactions between (NH4)2SO4 and the tailings, while the second endothermic peak can be attributed to the sulfation reactions between NH4HSO4 and the tailings, the sulfation reactions are shown in Equations (3)-(8). The followed mass loss on the TG curve can be attributed to the decomposition of ammonium metal sulfates (as shown in Equations (9)-(11)). Figure 10 shows the XRD patterns of samples that were obtained at different roasting temperatures. It can be seen that the main phases at the roasting temperature of 300 °C are lizardite (Mg3Si2O5(OH)4) phase, ferric sulfate (Fe2(SO4)3), ammonium ferric sulfate ((NH4)3Fe(SO4)3), ammonium magnesium sulfate ((NH4)2Mg(SO4)2), and ammonium hydrogen sulfate (NH4HSO4), indicating that the decomposition of ammonium sulfate is not complete and that part of the mineral phases have reacted and generated corresponding metal sulfates. The diffraction peaks of szaibelyite Figure 9 shows the DSC-TG curves of the ammonium sulfate (Figure 9a ) and the mixture of ammonium sulfate and tailings with a molar ratio of 1:3 (Figure 9b ) from room temperature to 800 • C at a heating rate of 10 • C/min. As seen in Figure 8a , there are two obvious endothermic peaks at approximately 289 • C and 393 • C, which corresponded to the decomposition of (NH 4 ) 2 SO 4 (Equation (1)) and the decomposition of NH 4 HSO 4 (Equation (2)), respectively, while there are two stages of mass loss corresponding to the two stages decomposition [30] . It can be seen from Figure 9b that there are two endothermic peaks at approximately 318 • C and 439 • C on the DSC curve, corresponding two large weight losses that were observed from the TG curve at two different temperature ranges of 240-359 • C and 359-448 • C. The first endothermic peak can be attributed to the sulfation reactions between (NH 4 ) 2 SO 4 and the tailings, while the second endothermic peak can be attributed to the sulfation reactions between NH 4 HSO 4 and the tailings, the sulfation reactions are shown in Equations (3)-(8). The followed mass loss on the TG curve can be attributed to the decomposition of ammonium metal sulfates (as shown in Equations (9)-(11)). Figure 10 shows the XRD patterns of samples that were obtained at different roasting temperatures. It can be seen that the main phases at the roasting temperature of 300 • C are lizardite (Mg 3 Si 2 O 5 (OH) 4 ) phase, ferric sulfate (Fe 2 (SO 4 ) 3 ), ammonium ferric sulfate ((NH 4 ) 3 Fe(SO 4 ) 3 ), ammonium magnesium sulfate ((NH 4 ) 2 Mg(SO 4 ) 2 ), and ammonium hydrogen sulfate (NH 4 HSO 4 ), indicating that the decomposition of ammonium sulfate is not complete and that part of the mineral phases have reacted and generated corresponding metal sulfates. The diffraction peaks of szaibelyite (MgBO 2 (OH)), 4 (2H 2 O) appear on the samples that were produced at the roasting temperature of 350 • C. When the roasting temperature is 400 • C, the diffraction peaks of ammonium sulfate disappear and the diffraction peaks of metal sulfate intensify, which indicates that the decomposition of ammonium sulfate is complete and the generation of metal sulfates is increased. Additionally, when the roasting temperature is 450 • C, the diffraction peaks of ammonium sulfate become weak, but the diffraction peaks of ferric sulfate significantly intensify. These results show that parts of the ammonium metal sulfates are decomposed at this temperature. The sulfation roasting process with ammonium sulfate demonstrates that the metal-bearing mineral phases react with ammonium sulfate and ammonium bisulfate to form ammonium metal sulfates. As the roasting temperature increases, ammonium metal sulfates begin to decompose into corresponding metal sulfate. However, the diffraction peaks of boron-bearing phases are not detected.
The Roasting Mechanism
The total chemical reactions between the minerals of the tailings and ammonium sulfate can be given, as follows.
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Leaching Residue Analysis
The leaching residue was obtained under the conditions that the roasting temperature of 450 °C, the roasting time of 120 min., the molar ratio of ammonium sulfate to tailings of 3:1 and the particle size of the tailings of less than 80 μm, the XRD patterns and the SEM image are shown in Figure 15 . As seen, the main phases in the residue are ferric oxide serpentine (Mg3SiO5(OH)4) talc (Mg3Si4O10(OH)2)and quartz (SiO2). The leaching residue presents fluffy bulbous that reunite together. 
Conclusions
In this study, a clean process was proposed to process a large amount of boron bearing iron tailings in China. The results that were obtained in this study are as follows:
(1) The optimal sulfation roasting conditions using ammonium sulfate for boron-bearing iron tailings are that the roasting temperature is 450 °C, the roasting time is 120 min., the molar ratio of ammonium sulfate to tailings is 3:1, and the particle size is less than 80 μm. These conditions yield more than 98% extraction of Fe and Al, and more than 80% extraction of Mg and B. These findings were obtained from both single factor and orthogonal experiments. (2) The sulfation reactions between ammonium sulfate and the tailings can be divided into two steps, the reactions between ammonium sulfate and the tailings at 240-359 °C, and the reactions between ammonium bisulfate at 359-448 °C. The mineral phase transformation in the roasting process can be described by the sequence of mineral phases→ammonium metal sulfates→metal sulfates.
b Figure 14 . Arrhenius plot for roasting boron-bearing iron tailings with ammonium sulfate.
Leaching Residue Analysis
The leaching residue was obtained under the conditions that the roasting temperature of 450 • C, the roasting time of 120 min., the molar ratio of ammonium sulfate to tailings of 3:1 and the particle size of the tailings of less than 80 µm, the XRD patterns and the SEM image are shown in Figure 15 . As seen, the main phases in the residue are ferric oxide serpentine (Mg 3 SiO 5 (OH) 4 ) talc (Mg 3 Si 4 O 10 (OH) 2 ) and quartz (SiO 2 ). The leaching residue presents fluffy bulbous that reunite together. 
Conclusions
(1) The optimal sulfation roasting conditions using ammonium sulfate for boron-bearing iron tailings are that the roasting temperature is 450 °C, the roasting time is 120 min., the molar ratio of ammonium sulfate to tailings is 3:1, and the particle size is less than 80 μm. These conditions yield more than 98% extraction of Fe and Al, and more than 80% extraction of Mg and B. These findings were obtained from both single factor and orthogonal experiments. (2) The sulfation reactions between ammonium sulfate and the tailings can be divided into two steps, the reactions between ammonium sulfate and the tailings at 240-359 °C, and the reactions between ammonium bisulfate at 359-448 °C. The mineral phase transformation in the roasting process can be described by the sequence of mineral phases→ammonium metal sulfates→metal sulfates. 
(1) The optimal sulfation roasting conditions using ammonium sulfate for boron-bearing iron tailings are that the roasting temperature is 450 • C, the roasting time is 120 min., the molar ratio of ammonium sulfate to tailings is 3:1, and the particle size is less than 80 µm. These conditions yield more than 98% extraction of Fe and Al, and more than 80% extraction of Mg and B. These findings were obtained from both single factor and orthogonal experiments. (2) The sulfation reactions between ammonium sulfate and the tailings can be divided into two steps, the reactions between ammonium sulfate and the tailings at 240-359 • C, and the reactions between ammonium bisulfate at 359-448 • C. The mineral phase transformation in the roasting process can be described by the sequence of mineral phases→ammonium metal sulfates→metal sulfates.
(3) The kinetics analysis indicates that internal diffusion controls the sulfation reactions of metals. The apparent activation energies of the reactions are 17.10 kJ·mol −1 , 17.85 kJ·mol −1 , 19.79 kJ·mol −1 , and 29.71 kJ·mol −1 for Fe, Al, Mg, and B, respectively.
